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Abstract
We investigate the implications of R-Parity violation (RPV) for quark flavour viola-
tion both by constraining the sneutrino masses to be positive and by studying the
processes b → sγ and K0 − K¯0 mixing. In the latter there are two major contribu-
tions, one from “direct” one loop diagrams involving RPV couplings, and one from
the “indirect” contributions generated by the renormalisation group. We compare
the effects and discuss the implications of our results.
1 Introduction
One of the most promising candidates for physics beyond the so-called Standard
Model (SM) is that of supersymmetry (SUSY) [1]. SUSY has the highly attractive
properties of giving a natural explanation to the hierarchy problem of how it is possi-
ble to have a low energy theory containing light scalars (the Higgs) when the ultimate
theory must include states with masses of order the Planck mass. This allows the
ultimate hope of constructing a theory of gauge unification and fermion (and super-
partner) masses defined at a scale near the Planck mass yet whose structure and
parameters may be deduced from physics at accessible scales.
In this paper we shall be concerned with the implications of a particular possible
feature of SUSY, namely that of R-Parity violation (RPV) [2, 3, 4]. R-Parity is a ZZ2
symmetry of both the SM and its minimal SUSY extension, the MSSM, under which
all of the SM particles have charge 0, while all their SUSY partners have charge 1. Its
implications include the stability of the lightest supersymmetric particle (LSP), and
hence the typical SUSY collider signatures of missing ET and the existence of a source
of dark matter. Its violation changes both the implied cosmology and the expected
collider signatures, allowing such effects as LSPs decaying inside the detector and
leptoquarks [5]. In addition to these, further constraints on RPV can be derived by
considering experimental limits on rare decays [6, 7, 8], and by the demands of proton
stability. In practice it is usual to evade the problems of proton decay by considering
either baryon number or lepton number violation but not both simultaneously.
R-Parity is violated by the superpotential and soft potential
W = huijQiH2uj + h
d
ijQiH1dj + h
e
ijLiH1ej
+
1
2
λijkLiLjek + λ
′
ijkLiQjdk +
1
2
λ′′ijkuidjdk
+µ4H1H2 + µiLiH2
Vsoft = η
u
ijQiH2uj + η
d
ijQiH1dj + η
e
ijLiH1ej + h.c.
1
+
1
2
CijkLiLjek + C
′
ijkLiQjdk +
1
2
C ′′ijkuidjdk + h.c.
+
1
2
Maλ
c
aλa +
∑
a,b
m2abϕaϕ¯b
+D4H1H2 +DiLiH2 + h.c. (1.1)
From the point of view of deriving constraints on the R-Parity violating couplings in
the model, the most extensively studied couplings are the dimensionless couplings λ,
λ′, and λ′′, which directly generate many effects which can be experimentally limited.
The extra soft terms by definition mostly couple only heavy SUSY particles and hence
are relevant mostly because of their impact on the Renormalisation Group Equations
(RGEs), although they can have significant effects on the neutrino-neutralino and
Higgs boson-sneutrino sectors [4, 9, 10].
In SUSY models, flavour-changing effects may be caused by the existence of off-
diagonal terms in the sfermion mass matrices in the basis in which the fermion masses
are diagonal, in which there are no tree level SM flavour-changing neutral currents
(FCNC). Such flavour-violating soft masses can be generated either from the high
energy theory such a GUT directly, or else through the RGEs by couplings which
violate flavour symmetries, such as Yukawa couplings mediated by the CKM matrix
and both possibilities have been studied extensively [11, 12]. However, the inclusion
of the RPV couplings in the RGEs allows many extra violations of quark and lepton
flavour.
In a previous analysis [10], we presented the renormalisation group equations
(RGEs) for the couplings of the full R-Parity violating sector of the model, and
investigated the implications of typical scenarios at the GUT scale for the generation
of neutrino masses and the decay µ → eγ. Contributions can conveniently be split
into two categories which we term “direct” (where the flavour violation occurs directly
through R-Parity violating vertices in the diagrams) and “indirect” (where R-Parity
violation induces flavour violation through the RGEs on the soft masses). We found
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that the indirect effects were typically large, often orders of magnitude larger than
the direct ones. However, the extremely complicated dependence on the spectrum
and the existence of many possible cancellations in the amplitude render the process
of deriving bounds impossible except on an order of magnitude basis.
The intention of this paper is to extend the work of reference [10] to consider
quark flavour violation (QFV) effects (for recent work on the subject see ref. [13]) .
Following this introduction, we give a short discussion on a new bound from requiring
the sneutrino masses to be above their experimental limits in section 2, while section
3 is devoted to the effects of RPV on b → sγ, and section 4 to the K0 − K¯0 mixing
term ∆mK . Many useful formulae for our RGEs and definitions are relegated to the
appendices, while section 5 contains our conclusions.
2 Bounds from Sneutrino Masses
We now comment on a new simple bound on certain of the Yukawa couplings, which
is associated with our assumptions of unification of couplings at a high scale. If we
add a new Yukawa coupling associated with the sneutrinos (here λ′), the mass of the
sneutrino is driven down by its effect on the RGEs, and so increasing the value of
the coupling will ultimately drive the mass of the sneutrino below the experimental
limit. The low energy values of the lepton masses and the corresponding soft masses
are given by
m2Li = m
2
0 + 0.51M
2
1/2 −
∑
jk
λ′
2
ijk(MGUT )[13m
2
0 + 49M
2
1/2 − 1.5M1/2A0 − 12A20]
m2ν˜i = m
2
Li
+
1
2
M2Z cos 2β (2.1)
where we have assumed universal masses at the unification scale and solved the RGEs
numerically. The experimental limit on sneutrinos is 37 GeV [14] (assuming that the
sneutrinos are not degenerate), so that we conclude that the Yukawa couplings λ′
3
must be bounded by
∑
jk
λ′
2
ijk(MGUT ) <
m20 + 0.51M
2
1/2 +
1
2
M2Z cos 2β − (37GeV)2
13m20 + 49M
2
1/2 − 1.5M1/2A0 − 12A20
(2.2)
Given that masses for squarks and sleptons as low as 100 GeV are barely tenable in a
unified framework with present collider limits, this constraint is the tightest available
on certain λ′. For example, if we set A0 ≃ 0, M1/2 = m0 = 200 GeV and tanβ = 10
then this gives a bound on all of the λ′ of 0.15, while if two of the λ′ are equal then
they must be less than 0.11, bounds which become only very slightly weaker with
increasing soft masses, while the corresponding numbers with m0 and M1/2 both 100
GeV are 0.12 and 0.09. Note that these couplings are at the GUT scale, and the
electroweak scale values are then around three times larger, while there is an error of
at least 10 to 20% from the uncertainty in the value of the strong coupling.
Although we have neglected the effect of the tau Yukawa coupling, this in fact only
makes the bound for the third generation rather tighter by reducing the sneutrino
mass for that generation still further. We can also derive bounds on the λ and λ′′
couplings from similar arguments, but the results are not very restrictive.
3 b→ sγ
3.1 Contributions
The rare decay process b→ sγ has a branching rate which can be deduced from the
decay B → K∗γ which has been measured [15] to obtain a value
B(b→ sγ) = (2.32± 0.57± 0.35)× 10−4 (3.1)
consistent with the standard model result, and hence a 95% confidence level limit of
1.0× 10−4 < B(b→ sγ) < 4.2× 10−4 (3.2)
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This gives a very strong test of new physics such as supersymmetry, since SUSY
models with light spectra can give large contributions to this process through charged
Higgs and chargino diagrams [16].
The total branching ratio for the process b → sγ can be written (in units of the
BR for the semileptonic b decay) as:
B(b→ sγ)
B(b→ ceν¯) =
3piα
G2F |Kcb|2I(z)
(
|A˜LR|2 + |A˜RL|2
)
F (3.3)
where GF is the Fermi constant, z = mc/mb, I(z) = 1− 8z2+8z6− 24z4 log(z) is the
phase space factor, Kij will be the different CKM matrix elements, A˜LR, A˜RL are the
total amplitudes to the LR and RL transitions respectively, and
F ∼
(
1− 8
3
αs(mb)
pi
)
1
κ(z)
(3.4)
contains NLO effects (κ(z) being the NLO correction to the semileptonic decay). Here
A˜i = η
16/23A˜γi +
8
3
(η14/23 − η16/23)A˜gi + CA˜0i (3.5)
with i = LR,RL, η = αs(MW )/αs(mb) and the different terms are as follows: A˜
γ,g
LR,RL
are the coefficients of the effective operators for the bsγ and bsg interactions
CγLR,RL =
e
4pi
mb(s¯σ
µνPR,Lb)Fµν
CgLR,RL =
g3
4pi
mb(s¯
iσµνPR,Lbj)G
a
µνT
a
i
j (3.6)
A˜0i = −αWK∗tsKtb/M2W is from the coefficient of an operator
C0i = [s¯PLc][c¯PLb] , (3.7)
and C stands for the leading logarithmic QCD corrections (for a complete list of
references see [17]).
The LR amplitudes can be divided into an R-Parity conserving part plus an RPV
one; the former has been calculated in ref. [18], and corresponds mainly to the contri-
butions coming from the SM diagram plus those with top quark and charged Higgs,
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and stops/scharms and charginos running in the loop, plus smaller contributions from
loops with neutralinos or gluinos and d–type squarks, which are generated due to QFV
explicitly through the CKM matrices. Their expressions are
A˜γ,gSM =
αW
2
K∗tsKtb
3
M2W
m2t
M2W
f (1)γ,g
(
m2t
M2W
)
(3.8)
A˜γ,gH− =
αW
2
K∗tsKtb
1
M2W
m2t
m2H−
[
1
tan2 β
f (1)γ,g
(
m2t
m2H−
)
+ f (2)γ,g
(
m2t
m2H−
)]
(3.9)
A˜γ,gχ− = −αWK∗tsKtb
2∑
j=1

 −1m2c˜1 |Vj1|
2f (3)γ,g

M2χ−j
m2c˜1


+
2∑
k=1
1
m2
t˜k
∣∣∣∣∣Vj1Tk1 − mtVj2Tk2√2MW sin β
∣∣∣∣∣
2
f (3)γ,g

M2χ−j
m2
t˜k


− Uj2√
2 cos β
Mχ−
j
MW

 −1
m2c˜1
Vj1f
(4)
γ,g

M2χ−j
m2c˜1


+
2∑
k=1
1
m2
t˜k
(
Vj1Tk1 − mtVj2Tk2√
2MW sin β
)
Tk1f
(4)
γ,g

M2χ−j
m2
t˜k





 , (3.10)
where our notation is as in ref. [10]. T , B are the orthogonal matrices that diagonalise
the stop and sbottom mass matrices respectively through TM2t˜−weakT
† = M2t˜−diag
where T11 = T22 = cos θt, T12 = −T21 = sin θt, so that we may write the mass eigen-
states |t˜(1) > and |t˜(2) > as cos θt|t˜L > + sin θt|t˜R > and − sin θt|t˜L > +cos θt|t˜R >
respectively, and similarly for other flavours. For the first and second generations
with small left-right mixing we shall take cos θi = 1, so that for example d˜
(1)
i = d˜
i
L
and d˜
(2)
i = c˜
i
R. For simplicity, we shall use the notation s˜1 rather than d˜
(1)
2 , except
where confusion might arise. The different functions f (i)γ,g are defined in Appendix C.
We generate new contributions to both the LR and RL amplitudes from R-parity
violating couplings (λ′ and λ′′) directly and also indirectly from the induced QFV
soft terms. Therefore we can write
A˜RPVLR = A˜
λ′
LR + A˜
∆m
χ−
LR + A˜
∆m
χ0
LR + A˜
∆mg˜
LR . (3.11)
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The direct amplitude is given by
A˜γλ
′
LR = QdA˜
gλ′
LR = −Qd
3∑
i,j=1
λ˜′i2jλ˜′i3j
4pi

 1
12

sin2 θdj
m2
d˜
(1)
j
+
cos2 θdj
m2
d˜
(2)
j

− 1
m2ν˜i
F1(xji)

 ,
(3.12)
where λ˜′ are the different RPV couplings in the fermion mass eigenstate basis which,
in this case, is related to the weak one by:
λ˜′ijk = λ
′
imkKmj , (3.13)
where a sum over m is understood. Note that this still leaves the possibility of
generating effects even with only one non-zero RPV coupling in the weak basis [19].
Here xji = m
2
dj
/m2ν˜i.
The other amplitudes are:
A˜
γ,g∆m
χ−
LR = −αWK∗csKtb
2∑
n=1
∆m2
c˜1 t˜n
m2
t˜n
−m2c˜1
2∑
j=1
Vj1
{(
V ∗j1T
∗
n1 −
mtV
∗
j2T
∗
n2√
2MW sin β
)
(3.14)
×
(
f (3)γ,g (x
t
jn)
m2
t˜n
− f
(3)
γ,g (x
c
j1)
m2c˜1
)
− Uj2T
∗
n1√
2 cos β
Mχ−
j
MW
(
f (4)γ,g (x
t
jn)
m2
t˜n
− f
(4)
γ,g (x
c
j1)
m2c˜1
)

A˜
γ∆m
χ0
LR = QdA˜
g∆m
χ0
LR = −2αWQd
2∑
n=1
∆m2
s˜1 b˜n
m2
b˜n
−m2s˜1
4∑
j=1
{
∣∣∣∣sWQdN ′j1 − 1cW (1/2 +Qds
2
W )N
′
j2
∣∣∣∣
2
B∗n1

F2(xbjn)
m2
b˜n
− F2(x
s
j1)
m2s˜1


−
(
sWQdN
′
j1 −
1
cW
(1/2 +Qds
2
W )N
′
j2
)[(
sWQdN
′
j1 −
s2W
cW
QdN
′
j2
)
B∗n2
− mb
2MW cos β
Nj3B
∗
n1
]
Mχ0
j
mb

F4(xbjn)
m2
b˜n
− F4(x
s
j1)
m2s˜1



 (3.15)
A˜
γ∆mg˜
LR = −2αsQdC(R)
2∑
n=1
∆m2
s˜1b˜n
m2
b˜n
−m2s˜1
×

B∗n1

F2(xbg˜n)
m2
b˜n
− F2(x
s
g˜1)
m2s˜1

− B∗n2Mg˜mb

F4(xbg˜n)
m2
b˜n
− F4(x
s
g˜1)
m2s˜1



 (3.16)
A˜
g∆mg˜
LR = −αs
2∑
n=1
∆m2
s˜1 b˜n
m2
b˜n
−m2s˜1

−B∗n1C(G)

F1(xbg˜n)
m2
b˜n
− F1(x
s
g˜1)
m2s˜1


+B∗n1(2C(R)− C(G))

F2(xbg˜n)
m2
b˜n
− F2(x
s
g˜1)
m2s˜1


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+B∗n2
Mg˜
mb
C(G)

F3(xbg˜n)
m2
b˜n
− F3(x
s
g˜1)
m2s˜1


−B∗n2
Mg˜
mb
(2C(R)− C(G))

F4(xbg˜n)
m2
b˜n
− F4(x
s
g˜1)
m2s˜1



 , (3.17)
where αs is the strong gauge coupling constant. Also,
xcj1 =
M2
χ−
j
m2c˜1
, xsj1 =
M2χ0
j
m2s˜1
, xsg˜1 =
M2g˜
m2s˜1
(3.18)
xtjn =
M2
χ−
j
m2
t˜n
, n = 1, 2 xbjn =
M2χ0
j
m2
b˜n
, n = 1, 2, xbg˜n =
M2g˜
m2
b˜n
, (3.19)
and the QCD factors are C(R) = 4/3, C(G) = 3.
Now we turn to the RPV contributions to A˜RL. These are given by:
A˜RPVRL = A˜
λ′
RL + A˜
λ′′
RL + A˜
∆m
χ0
RL + A˜
∆mg˜
RL , (3.20)
with:
A˜γ,gλ
′
RL = −
3∑
i,j=1

 λ˜′ij2λ˜′ij3
4pi
{Qd, 1}

 1
12
cos2 θdj
m2
d˜
(1)
j
+
1
12
sin2 θdj
m2
d˜
(2)
j
− 1
m2ν˜i
F1(xji)


+
λ′ij2λ
′
ij3
4pi

−cos2 θei
m2
e˜
(1)
i
f (1)γ,g
( m2uj
m2
e˜
(1)
i
)
− sin
2 θei
m2
e˜
(2)
i
f (1)γ,g
( m2uj
m2
e˜
(2)
i
)
+
cos2 θuj
m2
u˜
(1)
j
f (3)γ,g
(
m2ei
m2
u˜
(1)
j
)
+
sin2 θuj
m2
u˜
(2)
j
f (3)γ,g
(
m2ei
m2
u˜
(2)
j
)

 (3.21)
where both λ˜′ and xji are defined after eq. (3.12).
A˜
γ,gλ′′
RL = −2
3∑
i,j=1
λ′′ij2λ
′′
ij3
4pi

sin2 θdj
m2
d˜
(1)
j
f (5)γ,g
(
m2ui
m2
d˜
(1)
j
)
+
cos2 θdj
m2
d˜
(2)
j
f (5)γ,g
(
m2ui
m2
d˜
(2)
j
)
+
sin2 θui
m2
u˜
(1)
i
f (6)γ,g
( m2dj
m2
u˜
(1)
i
)
(xij1) +
cos2 θui
m2
u˜
(2)
i
f (6)γ,g
( m2dj
m2
u˜
(2)
i
) (3.22)
A˜
γ∆m
χ0
RL = QdA˜
g∆m
χ0
RL = −2αWQd
2∑
n=1
∆m2
s˜2 b˜n
m2
b˜n
−m2s˜2
4∑
j=1


∣∣∣∣∣sWQdN ′j1 − s
2
W
cW
QdN
′
j2
∣∣∣∣∣
2
× B∗n2

F2(xbjn)
m2
b˜n
− F2(x
s
j2)
m2s˜2

−
(
sWQdN
′∗
j1 −
s2W
cW
QdN
′∗
j2
)
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×
[(
sWQdN
′∗
j1 −
1
cW
(1/2 +Qds
2
W )N
′∗
j2
)
B∗n1 +
mb
2MW cos β
N∗j3B
∗
n2
]
×
Mχ0
j
mb

F4(xbjn)
m2
b˜n
− F4(x
s
j2)
m2s˜2



 (3.23)
A˜
γ∆mg˜
RL = −2αsQdC(R)
2∑
n=1
∆m2
s˜2 b˜n
m2
b˜n
−m2s˜2
×

B∗n2

F2(xbg˜n)
m2
b˜n
− F2(x
s
g˜2)
m2s˜2

−B∗n1Mg˜mb

F4(xbg˜n)
m2
b˜n
− F4(x
s
g˜2)
m2s˜2



 (3.24)
A˜
g∆mg˜
RL = −αs
2∑
n=1
∆m2
s˜2 b˜n
m2
b˜n
−m2s˜2

−B∗n2C(G)

F1(xbg˜n)
m2
b˜n
− F1(x
s
g˜2)
m2s˜2


+B∗n2(2C(R)− C(G))

F2(xbg˜n)
m2
b˜n
− F2(x
s
g˜2)
m2s˜2


+B∗n1
Mg˜
mb
C(G)

F3(xbg˜n)
m2
b˜n
− F3(x
s
g˜2)
m2s˜2


−B∗n1
Mg˜
mb
(2C(R)− C(G))

F4(xbg˜n)
m2
b˜n
− F4(x
s
g˜2)
m2s˜2



 (3.25)
3.2 Analytical Discussion
In general the results for the implications of the MSSM for b→ sγ are well known [16].
The SM contribution to the branching rate is large and in good agreement with the
data at around 3×10−4. The MSSM charged Higgs contribution is always of the same
sign as that from the W and can easily push the total over the experimental limit,
hence giving quite a tight constraint on the charged Higgs mass or equivalently mA. In
practice, however, the situation changes when the full spectrum is considered, because
the SUSY partners can give contributions to the amplitude of both signs with the
dominant contribution being that of the chargino which can be of opposite sign to that
of the SM and charged Higgs [16]. There are thus two separate scenarios according
to the sign of µ. For µ4 < 0, the structure of the chargino mass matrix and mixings
makes its contribution comparable in size to the other two with the opposite sign
giving rise to a strong cancellation, and hence the constraints on SUSY parameters
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are rather weak. For µ4 > 0 the chargino amplitude is not so big and moreover its sign
is not always opposed to that of SM and charged Higgs, and therefore cannot cancel
them off completely so we must have a fairly heavy charged Higgs, which given our
unification and radiative electroweak symmetry breaking assumptions implies fairly
large soft masses.
If we now turn to the implications of R-parity violating couplings, there are three
distinct possibilities. The first of these is where the product λ′i2jλ
′
i3j is non-zero.
Here the main effects will be to change A˜LR, since mixing is generated in left handed
superfields only. This will give an additional term which is added directly to the
amplitude from the usual MSSM terms, but may be of opposite sign and hence less
restricted. By contrast, the cases of non-zero λ′ij2λ
′
ij3 or λ
′′
ij2λ
′′
ij3 generate contribu-
tions to A˜RL (negligible in the MSSM), which cannot therefore have interference with
the MSSM effects but which are only added to them in quadrature.
Beginning with the direct R–Parity violating contributions, the SM contribution
to A˜LR is −6.7×10−8GeV−2, with an experimental limit on
√
(A˜γLR)
2 + (A˜γRL)
2 derived
from equation (3.2) of 4.1 to 8.5×10−8GeV−2. Since the QCD corrections typically
give a contribution to A˜i of around 0.65A˜
γ
i , we shall consider what values of the
couplings give a contribution of −2 × 10−8GeV−2 to A˜γLR or 7 × 10−8GeV−2 to A˜γRL
(recall that the sign of the former matters, since it is being added to a negative SM
contribution, while the latter is added in quadrature). It is then straightforward to
derive the bounds
λ˜′i2jλ˜′i3j(MZ)
<∼ 0.09
[
2
(
100GeV
mν˜i
)2
−

100GeV
md˜j
R


2]−1
(3.26)
|λ′ij2λ′ij3(MZ)| <∼ 0.035
[
100GeV
me˜i
L


2
−

100GeV
md˜j
L


2]−1
(3.27)
|λ′′i2jλ′′i3j(MZ)| <∼ 0.16
(
mq˜R
100GeV
)2
(3.28)
where we have neglected the distinction between λ˜′ and λ′ in deriving the second of
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these.
The indirect contributions are far more complicated, but it is instructive to con-
sider their size in the case where we include only the diagrams with a helicity flip on
the gaugino line (and hence an overall factor of the gaugino mass), set all sparticle
masses approximately degenerate at m˜ and ignore the various mixing factors. This
then gives an approximate contribution for each chargino of
A˜
γ∆m
χ−
LR ∼ λ′i2jλ′i3j(MGUT)
10−7GeV−2
cos β
(
100GeV
m˜
)2 Mχ−
j
MW
(3.29)
where we have used equation (B.1) and have evaluated the functions with all masses
equal. Since the product of two of these couplings at the GUT scale is an order of mag-
nitude smaller than at MZ [10], for λ
′
i2jλ
′
i3j we expect a significant chargino contri-
bution relative to the direct contributions for large tanβ unless the gaugino-higgsino
mixing is small. A simple way of understanding how the chargino contribution must
be relevant is to consider this in terms of results from the MSSM. The chargino con-
tribution here is driven by the CKM matrix element K23 ≃ 0.04, while the R–Parity
Violating contributions are driven by a similar mixing ∆m2/m2q˜ , which is roughly
equal to the product of λ′i2jλ
′
i3j(MGUT ) and hence will be similarly important when
this product of couplings at the GUT scale is around 10−2.
The gluino contribution is simpler, and neglecting mixing between sbottom squarks
and the mass difference between squarks and gluinos we find a bound on each of the
pairs of couplings
λ′ij2λ
′
ij3(MZ)
<∼ 0.003
(
m˜
100GeV
)2
(3.30)
λ′ij2λ
′
ij3(MZ)
<∼ 0.006
(
m˜
100GeV
)2
(3.31)
λ′′i2jλ
′′
i3j(MZ)
<∼ 0.006
(
m˜
100GeV
)2
(3.32)
where the bound is in fact on the sum of these indirect terms plus the direct con-
tributions quoted above. Unfortunately, we might expect the suppression from the
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mixing in the sbottom sector to weaken these by an order of magnitude or so. We
can conclude however that it is likely that the RL contributions are dominated by
the gluino, especially in the case of non-zero λ′′ij2λ
′′
ij3, while for λ
′
i2jλ
′
i3j the chargino
is likely to dominate, results which are confirmed by our numerical studies.
3.3 Numerical Results
Given the discussion above, we are now in a position to discuss the effects of set-
ting these products non-zero with a realistic spectrum from universality at the GUT
scale. The products of couplings which we are considering have not been constrained
before, but we find λ′i2jλ
′
i3j < 0.06(100GeV/m˜)
2 using the bounds on each coupling
independently from K+ decays [19]. Other such bounds can always be evaded by
selecting the indices in the products appropriately; for example the tight bounds on
λ′′ijk from neutron anti-neutron oscillation [3, 20] only apply if i = 1.
In Figure 1 we show a simple example of mixing involving the product λ′i2jλ
′
i3j ,
where we choose both couplings 0.05 at the GUT scale, hence making the product
around 0.023 at low energy, and with other parameters tanβ = 10, µ4 < 0, m0 = 100
GeV, A0 = 0, and M1/2 varying. We see that in fact here the gluino contribution
is dominated by the direct one, and this in turn is dominated by the chargino con-
tribution. However, even at very low values of the mass spectrum (for M1/2
<∼ 110
GeV the chargino mass is actually below the experimental limit) and even though
we have taken the product of couplings to be close to the limit of equation (2.2), the
contributions are still too small to greatly affect the total. Hence we conclude that
bounds on this product are really not usefully found from b→ sγ decays.
Similarly, for λ′ij2λ
′
ij3 we expect that the product at the GUT scale will be
<∼ 0.01
from equation (2.2), which in turn leads to the product at the weak scale being around
<∼ 0.1, which can only give a useful bound if the spectrum is extremely light, and in
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practice it again appears that constructing a spectrum so light as to have interesting
consequences for b → sγ through R-Parity Violation requires one or other of the
masses to become lighter than its experimental bound.
For the case of λ′′ij2λ
′′
ij3 we do not have such tight bounds from the sneutrino mass
and can increase the coupling to quite a large value. In Figure 2, we show a plot with
the same input parameters as in Figure 1, but with λ′′ij2λ
′′
ij3(MGUT ) = 0.01. Here
again the effects on b → sγ are only really beginning to be significant for a very
light spectrum. However, it is interesting that the contribution is very much larger
than might be expected from equation (3.28), since the gluino term is overwhelmingly
dominant.
In conclusion, while the R–Parity violating couplings give a contribution to b→ sγ
which is enhanced typically by an order of magnitude when the indirect contributions
are included, and although this in principle gives a tighter bound than others in the
literature, in fact these constraints are very weak in the context of universal mass
spectrum at the GUT scale. This is because, for example, it is virtually impossible
to arrange that squarks should have masses as light as 100 GeV without violating
one or another of the experimental limits. In the case of non-zero λ′ couplings the
bounds from b → sγ are weaker than those from the sneutrino mass limits given in
equation (2.2). For the λ′′ couplings, the indirect gluino contribution is far larger
than the direct contribution, and we find that for a light spectrum with m0 and M1/2
of order 100 GeV, the product of λ′′ij2λ
′′
ij3(MZ) should be
<∼ 0.2. This bound scales
very roughly as M1/2, but with some complicated dependence on the sbottom squark
mixing as well as on the mass spectrum.
4 K0 − K¯0 mixing
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4.1 SUSY contributions
The K0 − K¯0 sector has long been a probe of physics beyond the standard model,
starting with the original motivation of the study of CP violation and recently also as
a way of investigating flavour changing neutral currents in SUSY. These occur even
in the absence of R-Parity violation, since in the MSSM (and SM) quark flavour is
not conserved. Hence we shall find that the RPV contribution is complementary to
the already existing CKM contribution. We shall ask the question of how much it is
possible to constrain RPV couplings through their impact on ∆mK . Here we shall
consider the relative sizes of three effects, the MSSM ∆m2 contribution and the direct
and indirect RPV contributions. The first has already been investigated [11, 12], as
has the last [3, 8, 19, 21, 22], but the question of whether the simple direct effects are
in fact dominant has never been studied.
The upper bound on the KL −KS mass difference has been measured [14] as
∆mK = (3.491± 0.009)× 10−15GeV (4.1)
K0 − K¯0 mixing is generated by the effective Lagrangian
∆L∆S=2 = cLL[d¯iPLsi][d¯jPLsj] + c′LL[d¯iPLsj ][d¯jPLsi]
+ cRR[d¯iPRs
i][d¯jPRs
j] + c′RR[d¯iPRs
j ][d¯jPRs
i]
+ cLR[d¯iPLs
i][d¯jPRs
j] + c′LR[d¯iPLs
j ][d¯jPRs
i]
+ dLL[d¯iγµPLs
i][d¯jγ
µPLs
j ] + dRR[d¯iγµPRs
i][d¯jγ
µPRs
j ] (4.2)
giving a contribution to the KL −KS mass difference
∆mK =
1
12
f 2KmK
(
cLR + 3c
′
LR + 8dLL + 8dRR
+
m2K
(md +ms)2
(6cLR + 2c
′
LR + 5cLL − c′LL + 5cRR − c′RR)
)
(4.3)
Here the terms involving both left and right handed fields in the effective lagrangian
will give a larger contribution to ∆mK than those involving purely left or right handed
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fields because of the factor of m2K/m
2
s. We shall not try to include QCD corrections to
these formulae since these are unlikely to be more significant than the errors implicit
in, for example, our choice of α3, ms, and SUSY parameters.
Contributions to the parameters in the effective Lagrangian come from a variety
of different classes of diagram, some of which are shown in Figure 3. The standard
model contribution from Figure 3a is
dLL
SM =
∑
i,j
g4
64pi2
Ki1K
∗
i2Kj2K
∗
j1I4(m
2
ui
, m2uj ,M
2
W ,M
2
W )
≃ g
4
128pi2
|Kcd|2 m
2
c
M4W
(4.4)
where for the second line we only consider the charm and up quark contributions.
Apart from the standard model contributions, there are contributions from direct
R-Parity violating diagrams which have been calculated previously [3, 19, 21, 22].
The only tree level diagram is that with the interchange of a sneutrino and two λ˜′
couplings shown in Figure 3b
cLR
TL = −∑
i
λ˜′i21λ˜′
∗
i12
m2ν˜i
(4.5)
where our notation is as in the previous section and our earlier work [10].
The λ′ box diagrams such as Figure 3c give a contribution
dLL
λ′ =
∑
i,j,k,m
1
64pi2
λ˜′
∗
i1kλ˜
′
j2kλ˜′
∗
j1mλ˜
′
i2mI4(m
2
ν˜i
, m2ν˜j , m
2
dk
, m2dm)
+
∑
i,j,k,m
1
64pi2
λ˜′
∗
i1kλ˜
′
j2kλ˜′
∗
j1mλ˜
′
i2mI4(m
2
νi
, m2νj , m
2
d˜k
R
, m2
d˜m
R
) (4.6)
dRR
λ′ =
∑
i,j,k,m
1
64pi2
λ˜′ik1λ˜′
∗
jk2λ˜
′
jm1λ˜′
∗
im2I4(m
2
ν˜i
, m2ν˜j , m
2
dk
, m2dm)
+
∑
i,j,k,m
1
64pi2
λ˜′ik1λ˜′
∗
jk2λ˜
′
jm1λ˜′
∗
im2I4(m
2
νi
, m2νj , m
2
d˜k
L
, m2
d˜m
L
)
+
∑
i,j,k,m
1
64pi2
λ′ik1λ
′∗
jk2λ
′
jm1λ
′∗
im2I4(m
2
e˜i
L
, m2
e˜j
L
, m2uk , m
2
um)
+
∑
i,j,k,m
1
64pi2
λ′ik1λ
′∗
jk2λ
′
jm1λ
′∗
im2I4(m
2
ei
, m2ej , m
2
u˜k
L
, m2u˜m
L
) (4.7)
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c′LR
λ′
= − ∑
i,j,k,m
1
32pi2
λ˜′
∗
i1kλ˜
′
j2kλ˜′im1λ˜′
∗
jm2I4(m
2
ν˜i
, m2ν˜j , m
2
dk
, m2dm)
− ∑
i,j,k,m
1
32pi2
λ˜′
∗
i1kλ˜
′
j2kλ˜′im1λ˜′
∗
jm2I4(m
2
νi
, m2νj , m
2
d˜k
R
, m2
d˜m
R
) (4.8)
while λ′′ box diagrams such as Figure 3d give
dRR
λ′′ =
∑
i,j
1
32pi2
λ′′i13λ
′′
i23
∗
λ′′j13λ
′′
j23
∗
[
I4(m
2
b , m
2
b , m
2
u˜i
R
, m2
u˜j
R
)
+I4(m
2
b˜R
, m2
b˜R
, m2ui, m
2
uj
)
]
(4.9)
In addition we have diagrams such as those Figure 3e with one internal W boson
and one internal squark line, where a helicity flip is needed on the internal fermion
line, forcing it to be a top or charm. Hence we have
cLR
λ′′W = −∑
i,j
α
4pi sin2 θW
λ′′i31λ
′′
j32
∗
K∗i1Kj2muimujJ4(m
2
b˜R
,M2W , m
2
ui
, m2uj )
c′LR
λ′′W
=
∑
i,j
α
4pi sin2 θW
λ′′i31λ
′′
j32
∗
K∗i1Kj2muimujJ4(m
2
b˜R
,M2W , m
2
ui
, m2uj ) (4.10)
We neglect similar diagrams with λ′ vertices, since these are always dominated by
the tree level contribution.
Although they have not been considered in the context of R-Parity, the diagrams
involving mass insertions on squark lines have been analysed in the case where the off-
diagonal mass terms are generated by the CKMmatrix and by boundary conditions at
the unification scale [11, 12, 18]. Most of these analyses include only gluino mediated
box diagrams, such as Figure 3f.
dLL
g˜ =
(
∆m2
s˜Ld˜L
)2
α23
[
11
18
I ′′4 (m
2
d˜L
, m2
d˜L
,M2g˜ ,M
2
g˜ )
−1
9
M2g˜ J
′′
4 (m
2
d˜L
, m2
d˜L
,M2g˜ ,M
2
g˜ )
]
(4.11)
dRR
g˜ =
(
∆m2
s˜Rd˜R
)2
α23
[
11
18
I ′′4 (m
2
d˜R
, m2
d˜R
,M2g˜ ,M
2
g˜ )
−1
9
M2g˜ J
′′
4 (m
2
d˜R
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
(4.12)
cLR
g˜ =
(
∆m2
s˜Ld˜L
) (
∆m2
s˜Rd˜R
)
α23
[
−2
3
I ′′4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
16
−7
3
M2g˜ J
′′
4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
(4.13)
+
(
∆m2
s˜Ld˜R
) (
∆m2
s˜Rd˜L
)
α23
[
−11
9
I ′′4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
c′LR
g˜
=
(
∆m2
s˜Ld˜L
) (
∆m2
s˜Rd˜R
)
α23
[
10
9
I ′′4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
−1
9
M2g˜ J
′′
4 (m
2
d˜L/
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
(4.14)
+
(
∆m2
s˜Ld˜R
) (
∆m2
s˜Rd˜L
)
α23
[
−5
3
I ′′4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
cLL
g˜ =
(
∆m2
s˜Ld˜R
)2
α23
[
−17
18
M2g˜ J
′′
4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
(4.15)
c′LL
g˜
=
(
∆m2
s˜Ld˜R
)2
α23
[
1
6
M2g˜ J
′′
4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
(4.16)
cRR
g˜ =
(
∆m2
s˜Rd˜L
)2
α23
[
−17
18
M2g˜ J
′′
4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
(4.17)
c′RR
g˜
=
(
∆m2
s˜Rd˜L
)2
α23
[
1
6
M2g˜ J
′′
4 (m
2
d˜L
, m2
d˜R
,M2g˜ ,M
2
g˜ )
]
, (4.18)
where we have assumed that md˜L ≃ ms˜L . These results and those for the resulting
contribution to ∆mK in equation (4.3) agree with those presented in Gabbianni et al
[12], where the disagreements between these results and others in references [11, 12]
are discussed.
The chargino mediated box diagrams give
dLL
χ˜± =
(
∆m2c˜Lu˜L
)2 α2
4 sin4 θw
∑
i,j
|Vi1|2|Vj1|2I ′′4 (m2u˜L, m2u˜L ,M2χ˜±i ,M
2
χ˜±
j
) (4.19)
while from neutralino mediated box diagrams we have
dLL
χ˜0 =
∑
ij
1
16pi2
(
∆m2
s˜Ld˜L
)2 [|AdLi|2|AdLj |2I ′′4 (m2d˜L , m2d˜L ,M2χ˜0i ,M2χ˜0j )
−(AdLi)2(A∗dLj)2Mχ˜0iMχ˜0jJ ′′4 (m2d˜L , m
2
d˜L
,M2χ˜0
i
,M2χ˜0
j
)
]
(4.20)
dRR
χ˜0 =
∑
ij
1
16pi2
(
∆m2
s˜Rd˜R
)2 [|AdRi|2|AdRj |2I ′′4 (m2d˜R , m2d˜R ,M2χ˜0i ,M2χ˜0j )
−(AdRi)2(A∗dRj)2Mχ˜0iMχ˜0jJ
′′
4 (m
2
d˜R
, m2
d˜R
,M2χ˜0
i
,M2χ˜0
j
)
]
(4.21)
cLR
χ˜0 = −∑
ij
AdLiA
∗
dRiA
∗
dLjAdRj
4pi2
(
∆m2
s˜Ld˜L
) (
∆m2
s˜Rd˜R
)
×Mχ˜0
i
Mχ˜0
j
J ′′4 (m
2
d˜L
, m2
d˜R
,M2χ˜0
i
,M2χ˜0
j
) (4.22)
c′LR
χ˜0
=
∑
ij
AdLiAdRiA
∗
dLjA
∗
dRj
4pi2
(
∆m2
s˜Ld˜L
) (
∆m2
s˜Rd˜R
)
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×I ′′4 (m2d˜L , m
2
d˜R
,M2χ˜0
i
,M2χ˜0
j
) (4.23)
and from those with one gluino and one neutralino :
dLL
χ˜0g˜ = −∑
i
α3
6pi
(
∆m2
s˜Ld˜L
)2 [|AdLi|2I ′′4 (m2d˜L , m2d˜L ,M2χ˜0i ,M2g˜ )
+
1
2
(A∗2dLi + A
2
dLi)Mχ˜0iMg˜J
′′
4 (m
2
d˜L
, m2
d˜L
,M2χ˜0
i
,M2g˜ )
]
(4.24)
dRR
χ˜0g˜ = −∑
i
α3
6pi
(
∆m2
s˜Rd˜R
)2 [|AdRi|2I ′′4 (m2d˜R , m2d˜R,M2χ˜0i ,M2g˜ )
+
1
2
(A∗2dRi + A
2
dRi)Mχ˜0iMg˜J
′′
4 (m
2
d˜R
, m2
d˜R
,M2χ˜0
i
,M2g˜ )
]
(4.25)
cLR
χ˜0g˜ = −∑
i
α3
2pi
(
∆m2
s˜Ld˜L
) (
∆m2
s˜Rd˜R
) [
(AdRiAdLi + A
∗
dRiA
∗
dLi)
×I ′′4 (m2d˜L , m
2
d˜R
,M2χ˜0
i
,M2g˜ )
+(AdRiA
∗
dLi + A
∗
dRiAdLi)Mχ˜0iMg˜J
′′
4 (m
2
d˜L
, m2
d˜R
,M2χ˜0
i
,M2g˜ )
]
(4.26)
c′LR
χ˜0g˜
=
∑
i
α3
6pi
(
∆m2
s˜Ld˜L
) (
∆m2
s˜Rd˜R
) [
(AdRiAdLi + A
∗
dRiA
∗
dLi)
×I ′′4 (m2d˜L , m
2
d˜R
,M2χ˜0
i
,M2g˜ )
+(AdRiA
∗
dLi + A
∗
dRiAdLi)Mχ˜0iMg˜J
′′
4 (m
2
d˜L
, m2
d˜R
,M2χ˜0
i
,M2g˜ )
]
(4.27)
Here we use
AdLj = eQdN
′
j1 −
g
cos θW
(
1
2
+Qd sin
2 θW
)
N ′j2
AdRj = −eQdN ′∗j1 +
gQd sin
2 θW
cos θW
N ′∗j2 (4.28)
and we note that
∆m2
s˜Ld˜L
= m2Q1Q2
∆m2
s˜Rd˜R
= m2d1d2 (4.29)
(∆m2
s˜Ld˜R
)2 = ν21
(
ηd21
)2
+ ν21η
d
21

ηd11m2Q1Q2 δδm2
d˜L
+ ηd22m
2
d1d2
δ
δm2
d˜R

+ . . .
(∆m2
s˜Rd˜L
)2 = ν21
(
ηd12
)2
+ ν21η
d
12

ηd22m2Q1Q2 δδm2
d˜L
+ ηd11m
2
d1d2
δ
δm2
d˜R

+ . . .
∆m2
s˜Ld˜R
∆m2
s˜Rd˜L
= ν21

ηd21ηd12 + 12ηd21

ηd22m2Q1Q2 δδm2
d˜L
+ ηd11m
2
d1d2
δ
δm2
d˜R


+
1
2
ηd12

ηd11m2Q1Q2 δδm2
d˜L
+ ηd22m
2
d1d2
δ
δm2
d˜R

+ . . .


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where the ellipsis stands for higher order contributions, the derivatives are assumed
to act only of one of the arguments of the appropriate I ′′4 , and we have only included
terms proportional to ∆m2
s˜Ld˜R
and ∆m2
s˜Rd˜L
in the dominant gluino contributions, not
in the neutralino contributions where such terms also appear but are smaller.
4.2 Analytical Discussion
We begin by noting that the standard model term from equation (4.4) gives a con-
tribution to ∆mK of around 2× 10−15 GeV, which given the large theoretical errors
in the input parameters to the calculation is in reasonable agreement. Hence we
shall here require that the new contributions from SUSY and RPV do not destroy
this agreement by being larger than the experimental limit themselves. However,
it is important to note that there are unknown relative signs between the various
contributions, and hence that there can be cancellations.
The direct contributions have been discussed in refs. [3, 8, 19, 21, 22]. The most
stringent bound on couplings is that from the tree level diagram of Figure 3b which
leads to a constraint [8, 22]
λ˜′i12λ˜′i21(MZ) ≡ λ′ij2λ′ik1(MZ)Kj1Kk2 <∼ 1.3× 10−7
(
m˜ν˜i
500GeV
)2
(4.30)
The box diagrams of Figures 3c and 3d and the competing diagram with an internal
W line of Figure 3e lead to bounds on products of two couplings of order 10−2 to
10−3 [3, 21] for a very light spectrum. Ref. [19] was mostly concerned with the case
where, in the weak basis, only one R-Parity violating coupling is non-zero. This leads
to bounds of order 0.1 on λ′i1k and λ
′
i2k for a very light spectrum, but scaling more
weakly with masses.
We now consider how large the expected contributions from the main indirect
processes are, beginning with non-zero λ′′, by deriving approximate bounds from
each of the most important direct and indirect contributions in turn. The term which
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we shall bound will be λ′′2 ≡ λ′′i31λ′′i32, and for purposes of the discussion in this section
we shall assume that all superpartners are degenerate at m˜ ≃ 3M1/2.
The main indirect contributions are the gluino mediated box diagrams, which
arise because ∆m2
s˜Rd˜R
is non-zero. Using the various functions in Appendix C and
Eqs. (B.1) and (4.26) we can find dg˜RR and hence derive an approximate bound of
λ′′
2
(MZ)
<∼ 0.07
(
m˜
500GeV
)
(4.31)
Although other indirect contributions exist, this is the simplest and is sometimes
the largest. However, the various contributions from ∆m2
s˜Ld˜R
and ∆m2
s˜Rd˜L
often in
practice give comparably large effects, and so equation (4.31) should be treated with
caution.
The direct contributions are those from the λ′′ box diagram and the λ′′ − W
diagram [3, 21]. The former gives a bound of
λ′′
2
(MZ)
<∼ 0.01
(
m˜
500GeV
)
(4.32)
which may be rather inaccurate if the first index of the non-zero λ′′ is 3. The second
gives
λ′′213λ
′′
223(MZ)
<∼ 0.05
(
m˜
500GeV
)2
(4.33)
λ′′213λ
′′
323(MZ)
<∼ 0.1
(
m˜
500GeV
)2
(4.34)
λ′′313λ
′′
223(MZ)
<∼ 0.2
(
m˜
500GeV
)2
(4.35)
λ′′313λ
′′
323(MZ)
<∼ 0.1
(
m˜
500GeV
)2
(4.36)
respectively, where the scaling is very approximate for the cases involving stop squarks.
These numbers are in reasonable agreement with those in reference [21] given the un-
certainties in (for example) ms.
We conclude that although the indirect contribution appears rather smaller, none
of the contributions to ∆mK is obviously negligible in the region of interest, and so we
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must turn to a numerical analysis, noting that we expect λ′′2(MGUT ) ∼ 10−3 to give
a result comparable with the experimental limit for masses of order a few hundred
GeV.
We now turn to the case of non-zero λ′. Here the tree level diagram is inevitably
completely dominant where it exists [8, 22], and even with only one non-zero coupling
in the weak basis there can be measurable effects [19]. Note that here it is possible
to arrange the couplings so that the indirect contributions are zero but the direct
contribution is not, for example if we arrange for non-zero λ˜′113, λ˜′223, λ˜′212, and λ˜′122.
However, such scenarios seem contrived given the need to avoid the extremely tight
bounds from the tree level term while simultaneously having non-negligible values for
four couplings, requiring remarkable cancellations in λ˜′i12λ˜′i21.
The only scenario which we shall consider is thus non-zero λ′i13 and λ
′
i23. For this
case the direct contribution lead to a constraint which is similar to that of Eq. (4.31),
λ′
2
(MZ)
<∼ 0.07
(
m˜
500GeV
)
(4.37)
where again this result is very approximate given the number of different contributions
which can be relevant. There is no λ′−W diagram by construction since it only exists
when the tree level diagram exists, while the direct contribution from the box diagram
then gives
λ′
2
(MZ)
<∼ 8× 10−3
(
m˜
500GeV
)
(4.38)
Since these results are in general only reliable as order of magnitude estimates, we
use a numerical study to find out which contributions are most significant.
4.3 Numerical Results
The results for ∆mK are fairly straightforward. We find that for each scenario which
we have considered the indirect contributions are in fact completely dominated by
the direct ones, with the gluino term being between one and two orders of magnitude
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too small to compete with the direct box diagrams. We illustrate this in Figure 4,
which shows a typical situation. Here we have set λ′′213(MGUT ) = λ
′′
223(MGUT ) = 0.02,
M1/2 = 100 GeV, A0 = 0, tan β = 10, µ4 < 0, and show the relevant contributions.
Apart from the fact that the direct contributions are dominant here, we note
that the contribution from diagrams with one neutralino and one gluino line is com-
parable in magnitude to that from gluinos alone. This clearly will be significant
for models involving mass insertions from a GUT theory. In general we find that for
flavour violation in the left handed sector the contributions from charginos and mixed
gluino-neutralino diagrams are up to half that of the gluino, while for right handed
flavour violation the chargino contribution is negligible but the mixed neutralino-
gluino contribution is similar.
In summary then, we find that in practice this is the only process which has
been studied where the indirect contributions are generically overwhelmed by the
direct one, and hence we can essentially simply use the results quoted above in equa-
tions (4.32) and (4.38) to bound the couplings, thus confirming the results of refer-
ences [8, 19, 21, 22]. Why this should be so is unclear, since the formulae for the
contributions to ∆mK are so complicated, but it appears the values of the various
four point functions are simply such as to suppress the indirect contributions, while
for the three point functions relevant for µ → eγ and b → sγ the indirect contribu-
tions are enhanced. We also find that different parts in the gluino contribution are
of different signs and comparable magnitude, and so tend to partially cancel.
Finally, we note that the qualitative nature of this result is such that the direct
contribution will also dominate in B0 − B¯0 and D0 − D¯0 mixing.
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5 Conclusion
We now conclude with a brief summary of our results. We have extended our analysis
of the RGEs for R-Parity violating supersymmetry to include the effects of the CKM
matrix, and have studied two well-known flavour changing processes, including both
the direct contributions, with R-Parity violating couplings at the vertices of diagrams,
and the indirect ones, where flavour violation arises through soft masses generated
by the Renormalisation Group Equations.
We first showed that constraints on λ′ can be derived by demanding that the
sneutrino masses not be driven below their experimental limits, which gives a bound
of around 0.3 on the low energy values of the λ′ couplings, with the particularly
interesting feature that it is extremely insensitive to the sparticle spectrum and does
not disappear in the limit where the masses go to infinity. Given that the sparticle
spectrum is now known to be heavy (with many limits well above 100 GeV if we
assume unification) this means that this bound is one of the tightest existing in such
a scenario.
For the case of b→ sγ we find that the indirect contributions caused by the flavour
violation are dominant, and enhance the amplitude contribution by up to an order of
magnitude, allowing new constraints on both λ′′ and λ′. However, these are rather
weak, and the λ′ constraints are weaker than those from sneutrino masses derived
earlier in this paper.
With regard to K0 − K¯0 mixing, we have included all the indirect contributions
including those from gluino, neutralino, chargino, and mixed neutralino-gluino dia-
grams. We find that here the chargino and mixed diagrams are sometimes comparable
in size to those from gluinos, with consequences for the study of flavour changing from
GUT theories. However, in the context of R-Parity violation, we find that the indirect
contributions are consistently around an order of magnitude or more less than the
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direct ones, so that for this process and for the similar ones of B0− B¯0 and D0− D¯0
mixing we cannot improve on results in the literature [8, 19, 21, 22].
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A Renormalisation Group Equations
We now explain how to derive the RGEs which we shall use. Full RGEs for our model
are given in reference [10], but there are two slight complications which arise when
considering quark flavour violation which do not occur in the lepton flavour violating
processes considered there. The first of these is that the MSSM (and the SM) contain
QFV explicitly through the CKM matrices and through the MSSM soft trilinears.
The second is that the RGEs of [10] are presented in a weak basis while we work in
a fermion mass eigenstate basis.
The inclusion of the CKM matrix is straightforward, since defining
Λdij = δijh
d
j (A.1)
with hdi one of the eigenvalues of the Yukawa matrix h
d
ij, and similarly for Λ
u, Λe, we
can simply put
λ′4ij = −hdij = −K∗Λd = −Λd − kΛd (A.2)
where K is the CKM matrix, which we shall henceforth consider to be real, defining
K = 1 + k so that k is anti-symmetric to first order in k. A full description of our
other notation is contained in reference [10]. This leads to off-diagonal terms in the
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running of the soft squark masses
16pi2
dm2QiQj
dt
≃ kij(hdj 2 − hdi 2)(m2Qi +m2Qj + 2m2H1)
+ 2kij(h
d
j
2
m2dj − hdi
2
m2di) + 2η
u
ikη
u
jk + 2η
d
ikη
d
jk
16pi2
dm2didj
dt
≃ 4kijhdihdj (m2Qi −m2Qj ) + 4ηdkiηdkj (A.3)
which are in addition to the R-Parity violating contributions. Here ηd is given at the
unification scale by ηd = hdA0 = K
∗ΛdA0, but in general need not run in such a way
as to preserve this relationship, and we have assumed that the diagonal terms in the
mass matrix m2x := m
2
xx are very much larger than the off-diagonal ones. Including
the down and lepton soft trilinears in the equations given in [10] can be done by
treating H1 as L4 as noted there.
Including the full matrix of ηuij is straightforward. We give here the full RGE
16pi2
dηuij
dt
= ηuij(3h
u
k
2 + 5hui
2 + 4huj
2) + 6δijh
u
i h
u
kη
u
kk
+4hui λ
′′
imnC
′′
jmn + 2η
u
ikλ
′′
kmnλ
′′
jmn + η
u
kjλ
′
mknλ
′
min + 2h
u
jλ
′
mjnC
′
min
−ηuij
(
13
9
g21 + 3g
2
2 +
16
3
g23
)
+2δijh
u
i
(
13
9
g21M1 + 3g
2
2M2 +
16
3
g23M3
)
(A.4)
where we have included the down and lepton Yukawa couplings and trilinear soft
terms only implicitly (i.e. through the λ, λ′, C, and C ′). We also must then include
a term in the RGE for C ′ijk of 2η
u
jlh
u
l λ
′
ilk + h
u
j
2C ′ijk and one in the RGE for C
′′
ijk of
4ηulih
u
l λ
′′
ljk + 2h
u
i
2C ′′ijk. Inclusion of the remaining Yukawa couplings is trivial.
The second and rather more complicated issue is that of the difference between
the weak and mass bases. We have three Yukawa matrices hu, hd, he, and it is
conventional to choose a basis such that
hu = Λu hd = KΛd he = Λe (A.5)
where K is now being taken real. Such a choice is also a weak eigenstate basis.
However, these relations are not stable under the RGEs with either a non-trivial
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CKM matrix or R-Parity violating couplings. Hence we will find in general that all of
the Yukawa matrices will have non-zero off-diagonal elements, greatly complicating
our analysis. The simplest way of dealing with this is to define a basis where the field
rotations to impose equation (A.5) are performed in a scale-dependent way. Then
equation (A.5) will always be satisfied, but the RGEs will differ slightly.
If we define
Λu = UhuV Tu (A.6)
where U , V are orthogonal matrices with explicit dependence on the renormalisation
scale, then
Λ˙u = U˙huV Tu + Uh˙
uV Tu + Uh
uV˙ Tu (A.7)
where the dots indicate 16pi2d/dt and defining u = U˙UT and vu = V˙uV
T
u we find that
Λ˙u = uΛu − Λuvu + γQΛu + Λu(γu + γH2) (A.8)
where the anomalous dimension matrices γ are solved in the basis where equa-
tion (A.5) is satisfied. Hence we can solve for u and vu in terms of the Yukawa
couplings and anomalous dimensions. The situation for the down-type Yukawas is
slightly more complicated. We choose to define
Λd = KT (WhdV Td ) (A.9)
where K is the CKM matrix and W and Vd are unitary as before. Hence we may
calculate w and vd defined by w = W˙W T and vd = V˙dV
T
d . For the leptonic case we
define ue and ve exactly as for up-type quarks.
Imposing that the Λ remain diagonal we find
uij = −γQij
(
huj
2 + hui
2
huj
2 − hui 2
)
− γuij
(
2hui h
u
j
huj
2 − hui 2
)
vuij = −γQij
(
2hui h
u
j
huj
2 − hui 2
)
− γuij
(
huj
2 + hui
2
huj
2 − hui 2
)
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w˜ij = −γ˜Qij

hdj 2 + hdi 2
hdj
2 − hdi 2

− γdij

 2hdi hdj
hdj
2 − hdi 2


vdij = −γ˜Qij

 2hdihdj
hdj
2 − hdi 2

− γdij

hdj 2 + hdi 2
hdj
2 − hdi 2


ueij = −γLij
(
hej
2 + hei
2
hej
2 − hei 2
)
− γeij
(
2heih
e
j
hej
2 − hei 2
)
veij = −γLij
(
2heih
e
j
hej
2 − hei 2
)
− γeij
(
hej
2 + hei
2
hej
2 − hei 2
)
(A.10)
Here we use w˜ = KTwK and γ˜ = KTγK.
Explicitly expanding taking the masses to be very strongly ordered with h1 ≪
h2 ≪ h3, we find that for i > j
uij = −kijhdi
2
+
∑
mn
λ′minλ
′
mjn + 4
huj
hui
∑
mn
λ′′imnλ
′′
jmn
vuij = −2
huj
hui
kijh
d
i
2
+
∑
mn
2λ′′imnλ
′′
jmn + 2
huj
hui
∑
mn
λ′minλ
′
mjn
wij = kijh
u
i
2 +
∑
mn
λ′minλ
′
mjn + 4
hdj
hdi
∑
mn
(λ′mniλ
′
mnj + λ
′′
mniλ
′′
mnj)
vdij = 2
hdj
hdi
kijh
u
i
2 + 2
∑
mn
(λ′mniλ
′
mnj + λ
′′
mniλ
′′
mnj) + 2
hdj
hdi
∑
mn
λ′minλ
′
mjn
ueij =
∑
mn
(λimnλjmn + 3λ
′
imnλ
′
jmn) + 4
hej
hei
∑
mn
λmniλmnj
veij = 2
∑
mn
λmniλmnj + 2
hej
hei
∑
mn
(λimnλjmn + 3λ
′
imnλ
′
jmn)
uij − wij = −kij(hui 2 + hdi
2
) + 4
huj
hui
∑
mn
λ′′imnλ
′′
jmn
−4h
d
j
hdi
∑
mn
(λ′mniλ
′
mnj + λ
′′
mniλ
′′
mnj) (A.11)
Hence we can simply use the RGEs in reference [10], but adding the explicit CKM
contributions and including the conversion of basis by, for example
16pi2
dm2QiQj
dt
mass basis
= 16pi2
dm2QiQj
dt
weak basis
+
∑
k
(uikm
2
QkQj
+ ujkm
2
QiQk
) (A.12)
This gives the fermion mass basis RGEs for the off-diagonal terms in the soft
masses
16pi2
dm2QiQj
dt
=
∑
mn
(
λ′minλ
′
mjn(m
2
Qi
+m2Qj + 2m
2
dn + 2m
2
Lm) + 2C
′
minC
′
mjn
)
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+kij(h
d
j
2 − hdi
2
)(m2Qi +m
2
Qj
) + 2kij(h
d
j
2
m2dj − hdi
2
m2di)
+2kij(h
d
j
2 − hdi
2
)m2H1
+2ηuikη
u
jk + 2η
d
ikη
d
jk + uij(m
2
Qj
−m2Qi) (A.13)
16pi2
dm2uiuj
dt
=
∑
mn
(
λ′′imnλ
′′
jmn(m
2
ui
+m2uj + 4m
2
dn) + 2C
′′
imnC
′′
jmn
)
+4ηukiη
u
kj + v
u
ij(m
2
ui
−m2uj) (A.14)
16pi2
dm2didj
dt
=
∑
mn
(
2λ′mniλ
′
mnj(m
2
di
+m2dj + 2m
2
Qn + 2m
2
Lm) + 4C
′
mniC
′
mnj
)
+
∑
mn
(
2λ′′mniλ
′′
mnj(m
2
di
+m2dj + 2m
2
dn + 2m
2
um) + 4C
′′
mniC
′′
mnj
)
+4kijh
d
i h
d
j (m
2
Qi
−m2Qj) + 4ηdkiηdkj + vdij(m2di −m2dj ) (A.15)
16pi2
dm2LiLj
dt
=
∑
mn
(
λimnλjmn(m
2
Li
+m2Lj + 2m
2
en + 2m
2
Lm) + 2CimnCjmn
)
+
∑
mn
(
3λ′imnλ
′
jmn(m
2
Li
+m2Lj + 2m
2
dn + 2m
2
Qm) + 6C
′
imnC
′
jmn
)
+2ηeikη
e
jk + u
e
ij(m
2
Lj
−m2Li) (A.16)
16pi2
dm2eiej
dt
=
∑
mn
(
λmniλmnj(m
2
ei
+m2ej + 4m
2
Ln) + 2CmniCmnj
)
+4ηekiη
e
kj + v
e
ij(m
2
ei
−m2ej ) (A.17)
It is clear from these equations that when we consider the first and second generations,
where the soft masses are nearly degenerate, the difference in basis is totally irrelevant,
but for cases involving the third generation which is typically rather lighter the effects
may be non-negligible.
The RGE for the CKM matrix is then
16pi2
dkij
dt
= uij − wij (A.18)
B Approximate Solutions of RGEs
For our discussion of the indirect contributions to the various processes, it will now
be helpful to present some approximate formulae for the various off-diagonal mass
insertions. For convenience we will present here formulae for all the elements, not
merely those involved in b → sγ. If we begin by switching off the CKM matrix we
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find
m2QiQj (MZ) = −
∑
mn
λ′minλ
′
mjn(MGUT )(5m
2
0 + 15M
2
1/2 − 5A0M1/2 + A20)
m2didj (MZ) = −
∑
mn
λ′mniλ
′
mnj(MGUT )(10m
2
0 + 30M
2
1/2 − 10A0M1/2 + 2A20)
−∑
mn
λ′′mniλ
′′
mnj(MGUT )(10m
2
0 + 50M
2
1/2 − 20A0M1/2 + 5A20)
m2uiuj (MZ) = −
∑
mn
λ′′imnλ
′′
jmn(MGUT )(10m
2
0 + 50M
2
1/2 − 20A0M1/2 + 5A20)
(B.1)
while for the ∆m2LR and ∆m
2
RL insertions we find
ηd12ν1 = ms
∑
mn
λ′m1nλ
′
m2n(MGUT )(3M1/2 − 1.5A0)
ηd21ν1 = ms
∑
mn
λ′mn1λ
′
mn2(MGUT )(9M1/2 − 4.5A0)
+ ms
∑
mn
λ′′mn1λ
′′
mn2(MGUT )(9M1/2 − 3.5A0) (B.2)
where ms is the running strange mass at MZ . Since all these formulae depend quite
strongly on α3 they should not be trusted to better than about a factor of two. Note
that the ∆m2LR and ∆m
2
RL insertions are very much smaller than the others because
they are proportional to a soft mass times a strange quark mass rather than two soft
masses.
Including the CKM matrix is straightforward, and leads extra contributions to
those given above of
m2Q1Q2(MZ) = −
10−7
cos2 β
(3m20 + 10M
2
1/2 − 4A0M1/2 + A20)
m2Q1Q3(MZ) = −
10−6
cos2 β
(2m20 + 8M
2
1/2 − 3A0M1/2 + 0.8A20)
m2Q2Q3(MZ) = −
10−5
cos2 β
(2m20 + 8M
2
1/2 − 3A0M1/2 + 0.8A20)
ηd12ν1 = ms(−0.8M1/2 + 0.2A0)
ηd21ν1 ≪ ηd12ν1 (B.3)
although here the errors are larger, owing to the dependence on poorly known Yukawa
couplings. Although we have only shown the contributions to m2QiQj , in fact there
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are also contributions to m2d2d3 and m
2
u2u3 in particular which are much smaller but
non-zero.
C Definition of Functions
The expressions for the amplitudes in b → sγ and K0K¯0 mixing presented earlier
employ a number of functions, many of which are contained in [10], and the remainder
of which are given explicitly here. Functions occurring in b→ sγ are
f (1)γ (x) = QuF1(x) + F2(x)
f (1)g = F1(x)
f (2)γ (x) = QuF3(x) + F4(x)
f (2)g = F3(x)
f (3)γ (x) = F1(x) +QuF2(x)
f (3)g = F2(x)
f (4)γ (x) = F3(x) +QuF4(x)
f (4)g = F4(x)
f (5)γ (x) = −QuF1(x) +QdF2(x)
f (5)g =
1
2
F1(x)− 1
2
F2(x)
f (6)γ (x) = −QdF1(x) +QuF2(x)
f (6)g (x) = f
(5)
g (x) (C.1)
In addition, for the ∆mK calculation the functions I4 and J4 used in the text are
given by
I4(m
2
1, m
2
2, m
2
3, m
2
4) =
∫ 1
0
dxdydz
z(1− z)
D4
J4(m
2
1, m
2
2, m
2
3, m
2
4) =
∫ 1
0
dxdydz
z(1− z)
D24
(C.2)
where we have defined
D4(m
2
1, m
2
2, m
2
3, m
2
4) = [xm
2
1 + (1− x)m22]z + [ym23 + (1− y)m24](1− z) (C.3)
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Note that I4 and J4 are totally symmetric about interchange of arguments, and can
be simplified in certain limits as follows.
I4(m
2, m2,M2,M2) =
1
M2
F4(x) (C.4)
I4(m
2
1, m
2
2,M
2, 0) =
1
M2
[
(1− x1)x2 ln x2 − (1− x2)x1 lnx1
2(x1 − 1)(x1 − x2)(x2 − 1)
]
(C.5)
I4(m
2
1, m
2
2,M
2,M2) =
1
M2
[
1
2(1− x1)(1− x2)
+
1
x2 − x1
(
x22 ln(x2)
2(1− x2)2 −
x21 ln(x1)
2(1− x1)2
)]
(C.6)
I4(m
2,M2, 0, 0) =
1
M2
[
ln x
2(x− 1)
]
(C.7)
I4(m
2, m2,M2, 0) =
1
2m2
[
1− y + y ln(y)
(1− y)2
]
(C.8)
I ′′4 (m
2, m2,M2,M2) =
1
m6
G(y) = − 1
2m6
f˜6(x) (C.9)
I ′′4 (m
2, m2,M21 ,M
2
2 ) =
1
m4(M21 −M22 )
[
y1F1(y1)− y2F1(y2)
]
(C.10)
I ′′4 (m
2
1, m
2
2,M
2,M2) =
1
M6
[
x1 + x2 + x
2
1 + x
2
2 − 6x1x2 + x21x2 + x1x22
2(x1 − 1)2(x2 − 1)2(x1 − x2)2
+
(x1x2 − x31) ln(x1)
(x1 − 1)3(x1 − x2)3 −
(x1x2 − x32) ln(x2)
(x2 − 1)3(x1 − x2)3
]
(C.11)
J4(m
2
1, m
2
2,M
2,M2) =
1
M4
[ −1
(1− x1)(1− x2)
+
1
x2 − x1
(
x1 ln(x1)
(1− x1)2 −
x2 ln(x2)
(1− x2)2
)]
(C.12)
J4(0, m
2
1, m
2
2,M
2) =
1
M4
[
(x2 − 1) ln(x1)− (x1 − 1) ln(x2)
(x2 − 1)(x2 − x1)(x1 − 1)
]
(C.13)
J ′′4 (m
2, m2,M2,M2) =
2
m4M4
F (x) =
1
m8
xf6(x) (C.14)
J ′′4 (m
2
1, m
2
2,M
2,M2) =
1
M8
[−2(1− x1 − x2 + x21 + x22 − x1x2)
(x1 − 1)2(x2 − 1)2(x1 − x2)2
−(x1 + x2 + x1x2 − 3x
2
1) ln(x1)
(x1 − x2)3(x1 − 1)3
+
(x1 + x2 + x1x2 − 3x22) ln(x2)
(x1 − x2)3(x2 − 1)3
]
(C.15)
J ′′4 (m
2, m2,M21 ,M
2
2 ) =
1
m8
[
y2 ln(y2)
(y2 − 1)4(y1 − y2) −
y1 ln(y1)
(y1 − 1)4(y1 − y2)
+
1
6(y1 − 1)3(y2 − 1)3
(
−11 + 7(y1 + y2) (C.16)
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−2(y21 + y22 − 5y1y2)− 5(y1 + y2)y1y2 + y21y22
)]
Here x = m2/M2, xi = m
2
i /M
2, y =M2/m2 and yi =M
2
i /m
2, and
I ′′4 (m
2
1, m
2
2, m
2
3, m
2
4) =
∂2
∂m21∂m
2
2
I4(m
2
1, m
2
2, m
2
3, m
2
4)
J ′′4 (m
2
1, m
2
2, m
2
3, m
2
4) =
∂2
∂m21∂m
2
2
J4(m
2
1, m
2
2, m
2
3, m
2
4) (C.17)
We give f6 and f˜6 defined in reference [11] for convenience when comparing our results
with other authors.
References
[1] For reviews see for example H.P. Nilles, Phys. Rep. 110 (1984) 1;
H.E. Haber and G.L. Kane, Phys. Rep. 117 (1985) 75.
[2] C.S. Aulah, R.N. Mohapatra, Phys. Lett. B119 (1982) 316;
F. Zwirner, Phys. Lett. B132 (1983) 103;
S. Dawson, Nucl. Phys. B261 (1985) 297;
S. Dimopoulos, L.J. Hall, Phys. Lett. B196 (1987) 135.
[3] R. Barbieri, A. Masiero, Nucl. Phys. B267 (1986) 679.
[4] L.J. Hall, M. Suzuki, Nucl. Phys. B231 (1984) 419.
[5] For a summary of experimental limits on R-Parity violating couplings, see
G. Bhattacharyya, hep-ph/9608415.
[6] V. Barger, G.F. Giudice, T. Han, Phys. Rev. D40 (1989) 2987.
[7] V. Barger, R.J.N. Phillips, K. Whisnant, Phys. Rev. D44 (1991) 1629.
[8] T. Banks, Y. Grossman, E. Nardi, Y. Nir, Phys. Rev. D52 (1995) 5319.
[9] J.C. Romao, J.W.F. Valle, Nucl. Phys. B381 (1992) 87.
32
[10] B. de Carlos, P.L. White, Phys. Rev. D54 (1996) 3427.
[11] J. Hagelin, S. Kelley, T. Tanaka, Nucl. Phys. B415 (1994) 293;
J. Hagelin, S. Kelley, T. Tanaka, Mod. Phys. Lett. A8 (1993) 2737.
[12] L.J. Hall, V.A. Kostelecky, S. Raby, Nucl. Phys. B267 (1986) 415;
F. Gabbiani, A. Masiero, Nucl. Phys. B322 (1989) 235;
G.C. Branco, G.C. Cho, Y. Kizukuri, N. Oshimo, Phys. Lett. B337 (1994) 316;
R. Barbieri, L. Hall, A. Strumia, Nucl. Phys. B445 (1995) 219; Nucl. Phys.
B449 (1995) 437;
E. Gabrielli, A. Masiero, L. Silvestrini, Phys. Lett. B374 (1996) 80;
T. Goto, T. Nihei, Y. Okada, Phys. Rev. D53 (1996) 5233;
E. Gabbiani, E. Gabrielli, A. Masiero, L. Silvestrini, hep-ph/9604387.
[13] A. Smirnov and F. Vissani, Nucl. Phys. B460 (1996) 37;
K. Tamvakis, hep-ph/9604343;
M. Bastero-Gil, B. Brahmachari, hep-ph/9606418;
D. Chang, W.Y. Keung, hep-ph/9608313.
[14] Particle Data Group Review of Particle Properties, Phys. Rev. D54 (1996) 1.
[15] The CLEO Collaboration, Phys. Rev. Lett. 74 (1995) 2885.
[16] See B. de Carlos, J.A. Casas, Phys. Lett. B349 (1995) 300, and erratum in Phys.
Lett. B351 (1995) 604, and references therein.
[17] A.J. Buras, M. Misiak, M. Mu¨nz and S. Pokorski, Nucl. Phys. B424 (1994) 374
and references therein;
K. Adel, Y.P. Yao, Phys. Rev. D49 (1994) 4945;
M. Ciuchini, E. Franco, G. Martinelli, L.Reina, L. Silvestrini, Phys. Lett. B334
(1994) 137;
33
A. Ali, C. Greub, Phys. Lett. B361 (1995) 146;
N. Pott, Phys. Rev. D54 (1996) 938;
C. Greub, T. Hurth, D. Wyler, Phys. Rev. D54 (1996) 3350 and Phys. Lett.
B380 (1996) 385.
[18] S. Bertolini, F. Borzumati, A. Masiero, G. Ridolfi, Nucl. Phys. B353 (1991) 591.
[19] K. Agashe, M. Graesser, Phys. Rev. D54 (1996) 4445.
[20] J.L. Goity, M. Sher, Phys. Lett. B346 (1995) 69.
[21] C.E. Carlson, P. Roy, M. Sher, Phys. Lett. B357 (1995) 99.
[22] D. Choudhury, P. Roy, Phys. Lett. B378 (1996) 153.
34
D Figure Captions
Figure 1
Absolute values for various contributions to the b→ sγ amplitude A˜LR. Parameters
are λ′121(MGUT ) = λ
′
131(MGUT ) = 0.05, m0 = 100 GeV, A0 = 0, tan β = 10, µ4 <
0. Contributions from Higgs (dotted), SM (horizontal dotted), neutralino (double
dashes), chargino (dashes for the MSSM part with triple dashes for the remainder),
gluino (quadruple dashes), direct RPV diagrams (dot dashed) and total (solid) are
shown. The experimental upper and lower limits are shown as horizontal solid lines.
Figure 2
Absolute values for various contributions to the b→ sγ amplitude A˜RL. Parameters
are λ′′112(MGUT ) = λ
′′
113(MGUT ) = 0.1, m0 = 100 GeV, A0 = 0, tan β = 10, µ4 <
0. Contributions from neutralino (double dashes), gluino (quadruple dashes), direct
RPV diagrams (dot dashed) and total (solid) are shown. The experimental upper
limit shown varies with M1/2 because the MSSM part of A˜LR does.
Figure 3
Some of the diagrams contributing to K0 − K¯0 mixing.
Figure 4
Absolute values of various contributions to ∆mK . Parameters are λ
′′
213(MGUT ) =
λ′′223(MGUT ) = 0.02, M1/2 = 100 GeV, A0 = 0, tan β = 10, µ4 < 0. Contributions
from neutralino (double dashes), gluino (quadruple dashes), mixed gluino-neutralino
(dashed), direct RPV diagrams with and without W lines (dotted and dot dashed
respectively) and total (solid) are shown, together with the experimental upper limit
(horizontal solid line).
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